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INTRODUCTION 

The electrochemical  ox ida t ion  of hydrocarbons, such a s  propane, a t  
r e l a t i v e l y  high r a t e s  n e c e s s i t a t e s  the  use of a f i n e l y  d v'ded plat 'num c a t a l y s t .  1-5 
Other mateyhals t h a t  have been t r i e d ,  namely, palladium,'-' nickel, '  silver ,9 cobal t  
molybdate, 
fac tory .  
sus ta ined  only  i f  l a r g e  amounts of plat inum (>35 mg.Icm.2) a r e  used. 
amounts (9 mg./cm.2) do n o t  perform q u i t e  a s  w e l l .  
a r i s e s  i s  whether s u r f a c e  area i s  t h e  s o l e  c r i t e r i o n  f o r  e lectrochemical  a c t i v i t y .  
From t h e  experimental f a c t  t h a t  e l e c t r o d e s  containing t h e  same amount of platinum 
have a v a r i a b l e  a c t i v i t y ,  it might be suggested t h a t  t h e r e  is some other  important 
phys ica l  property p lay ing  a s i g n i f i c a n t  ro le .  

and n i c k e l  bor.de," a l though showing some a c t i v i t y ,  a r e  not  a s  s a t i s -  
I n  a recent  paperi2 it was i n d i c a t e d  t h a t  h igh  r a t e s  of ox ida t ion  can be 

Smaller 
A ques t ion  t h a t  immediately 

A t  t h i s  time, only a few at tempts  have been made t o  i n v e s t  a t e  t h e  r o l e  of 
t h e  c a t a l y s t  i n  organic  e l e c t r o - ~ x i d a t i o n . ~ ~ ~  l4 Dahms and BockrisiE made a com- 
p a r a t i v e  s tudy of t h e  anodic  oxida t ion  of e thylene on b r i g h t  metal e lec t rodes  made 
of Au,  Ir, Pd, Pt, and Rh i n  M s u l f u r i c  ac id  a t  80" C. No at tempt  appears t o  have 
been made t o  determine t h e  reasons f o r  t h e  c a t a l y t i c  a c t f p t y  of the  f i n e l y  divided 
meta ls ,  p a r t i c u l a r l y  of platinum. Joncich and Hackerman have s tudied  t h e  
r e l a t i o n s h i p  between t h e  s u r f a c e  area of  e lec t rodepos i ted  plat inum black and con- 
c e n t r a t i o n  o f  c h l o r o p l a t i n i c  a c i d  p l a t i n g  s o l u t i o n ,  c u r r e n t  dens i ty ,  time, and 
geometry of t h e  e lec t rode  system. 
p a r t i c u l a r  s o l u t i o n  and system t h e r e  i s  an optimum u r r e n t  d e n s i t y  which gives  t h e  
maximum s u r f a c e  area.  I n  an e a r l i e r  paper, BianchiE6 showed t h a t  t h e  charac te r  of 
e lec t rodepos i ted  platinum black  can be profoundly a l t e r e d  by t h e  i n c l u s i o n  of heavy 
m e t a l  ions  i n  the p l a t i n g  s o l u t i o n .  
led t o  an increase  i n  the  l a t t i c e  parameter, whereas C r ,  Mn, Fe, Co, N i ,  Cu, Zn, and 
Pd led  t o  a decrease. 
t h e  depos i t ,  had no e f f e c t  on t h e  l a t t i c e  parameter. 

Among o ther  things,  they showed t h a t  f o r  a 

Pb, Hg, Cd, and T 1  inc lus ions  i n  the  depos i t  

Sb, B i ,  Sn, As, and Au, although a l t e r i n g  t h e  appearance of 

Since a hydrocarbon e l e c t r o d e  r e a c t i o n  involves  an i n i t i a l  adsorpt ion s tep ,  
i t  would appear t h a t  t h e  l a t t i c e  spacing of t h e  c a t a l y s t  i s  important. 
e lec t rodepos i ted  platinum black  conta in ing  var ious  inc lus ions ,  i t  i s  p o s s i b l e  t h a t  
some i n d i c a t i o n  of t h e  e f f e c t  of l a t t i c e  spacing i n  e lec t ro-organic  r e a c t i o n s  might 
be obtained. 

By using 

The work repor ted  h e r e  c o n s i s t s  of an i n v e s t i g a t i o n  of t h e  e f f e c t  of lead 
conten t  on the na ture  of e l e c t r o d e p o s i t e d  platinum, and t h e  a c t i v i t y  of t h e s e  
d e p o s i t s  toward the e lec t rochemica l  ox ida t ion  of  ethane, e thylene,  propane, propylene, 
and n-butane i n  5M H g 0 4  a t  80" C. 

EXPERIMENTAL 

The c e l l  used i n  t h i s  work i s  shown i n  Fig. 1 ( a ) .  It consis ted of a Pyrex 
g l a s s  tube,  1 2  cm. long and 3.5 cm. i n  diameter ,  w i t h  a coarse  g l a s s  f r i t ,  H, sealed 
i n t o  i t ,  2 cm. from t h e  bottom. Two g l a s s  t u b e s ,  A and B, 8 mm. o u t s i d e  diameter, 
each having a 7/25 socket  sea led  t o  the  ends, were connected t o  t h e  c e l l ,  one below 
t h e  f r i t  and t h e  other 2 cm. from t h e  top. These tubes were used f o r  admit t ing and 
vent ing  gases ,  a s  i n d i c a t e d  i n  t h e . f i g u r e .  The c e l l  top contained four  7/25 sockets 
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which supported t h r e e  working e l e c t r o d e s ,  F, and a re ference  e lec t rode ,  C. 
working e lec t rodes  cons is ted  of a platinum w i r e ,  1 cm. long and 0.5 mm. i n  diameter, 
sea led  through a 7-cm. long tube, which was connected t o  a 7/25 through-cone. The 
re ference  e lec t rode ,  a Beckman s a t u r a t e d  calomel e lec t rode  with a f i b e r  junct ion,  
was connected t o  t h e  c e l l  through a s a l t  br idge  containing t h e  same e l e c t r o l y t e .  
The s a l t  b r idge  was comprised of a 7/25 through-cone and a c losed,  e l e c t r o l y t e -  
l u b r i c a t e d  stopcock, D. The t i p  of t h e  br idge  tube was drawn down and then bent up 
t o  prevent  gas bubbles from g e t t i n g  i n t o  it. The counterelectrode,  G, consis ted of 
a c l o s e  f i t t i n g ,  2-cm. long platinum gauze (50 mesh) cyl inder .  A plat inum lead con- 
nected t o  t h i s  e l e c t r o d e  was sea led  through a small  s i d e  tube a t  the  upper end of 
t h e  c e l l .  About 40 cc. of e l e c t r o l y t e  was used i n  t h e  c e l l ,  and t h i s  occupied a 
l i t t l e  over h a l f  t h e  volume above t h e  f r i t .  
were passed through a s i m i l a r  v e s s e l  containing t h e  same e l e c t r o l y t e ,  i n  order t o  
s a t u r a t e  them with water vapor. Both t h e  c e l l  and t h e  water vapor gas s a t u r a t o r  
were maintained a t  80" 1" C. i n  a water  b a t h  cont ro l led  by an Electromax temper- 
a t u r e  f y t r o l l e r .  
valve. 

The 

The gases before  admission t o  the c e l l  

The water l e v e l  i n  t h e  ba th  was maintained by a simple f l o a t  

Before a run, t h e  c e l l  and s a t u r a t o r  were cleaned by soaking i n  concen- 
t r a t e d  n i t r i c  acid f o r  about 2 hr .  They were then thoroughly washed wi th  copious 
amounts of d i s t i l l e d  water. To remove t h e  a c i d  from t h e  f r i t s ,  l a r g e  amounts of 
d i s t i l l e d  water were drawn through them with a water pump. F i n a l l y ,  a f t e r  soaking 
i n  d i s t i l l e d  water f o r  some t i m e ,  they were washed with t r i p l y  d i s t i l l e d  water. 
During t h e  washing of t h e  c e l l  and the s a t u r a t o r ,  the  working e l e c t r o d e s  were pre-  
pared, and t h e  e l e c t r o l y t e  was p u r i f i e d  by p r e - e l e c t r o l y s i s .  

The working e lec t rodes  were cleaned by hea t ing  t o  a white  hea t  followed by 

They were then coated 
immersion i n  concentrated n i t r i c  acid.  Af te r  repea t ing  t h i s  opera t ion  severa l  
times, t h e  e l e c t r o d e s  were washed i n  t r i p l y  d i s t i l l e d  water. 
wi th  plat inum black by e l e c t r o d e p o s i t i o n  using a small c e l l ,  shown i n  Fig. 1 (b) .  
The working e lec t rode ,  F, was mounted v e r t i c a l l y  i n s i d e  t h e  center  of t h e  small 
g l a s s  thimble containing 2.5% c h l o r o p l a t i n i c  ac id  and a small  concent ra t ion  of lead 
a c e t a t e .  A small ,  1-cm. long plat inum gauze (50 mesh) cy l inder ,  G, which f i t t e d  
c l o s e l y  i n s i d e  t h e  thimble was used a s  a counterelectrode.  The plat inum wire  lead 
of the  countere lec t rode  was sealed through t h e  bottom of t h e  thimble. The working 
e l e c t r o d e  was p l a t i n i z e d  a t  a c u r r e n t  d e n s i t y  of 10 ma./cm.2 f o r  1 hr .  
i n t e r v a l  i t  was a l t e r n a t e l y  anodized and cathodized f o r  per iods  of 1.5 min. by 
using a t imer  and r e v e r s a l  switch. 
p repara t ion  of each e l e c t r o d e  and was replaced by unused s tock  so lu t ion .  

During t h i s  

The p l a t i n g  s o l u t i o n  was discarded a f t e r  the  

The e l e c t r o l y t e  was pre-e lec t ro lyzed  i n  a s i n g l e  compartment c e l l  which was 
provided wi th  gas i n l e t  and o u t l e t  tubes. It held 65 cc. of e l e c t r o l y t e .  The c e l l  
top was a 24/40 through-cone, which had two 6-mm. outs ide  diameter tubes connected 
t o  t h e  lower s i d e .  Platinum wire  leads  were sea led  through these  tubes. One was 
spot-welded t o  a 5-cm. long platinum gauze (50 mesh) cy l inder  from which a s e c t i o n  
had been removed, and t h e  o ther  w i r e  was placed v e r t i c a l l y  i n s i d e  t h e  cyl inder .  
Before use the p r e - e l e c t r o l y s i s  c e l l  and e l e c t r o d e s  were cleaned a s  descr ibed above. 
The 5M H d O ,  used here  was pre-electrolyzed f o r  60 t o  100 hr. a t  a t o t a l  cur ren t  of 
40 ma. using the  platinum wire  a s  t h e  anode. The anodic c u r r e n t  d e n s i t y  was 62.5 
ma. /cm.2. The e l e c t r o l y t e  was s t i r r e d  wi th  n i t rogen  during t h e  p r e - e l e c t r o l y s i s .  
With t h i s  arrangement, i t  was considered t h a t  ox id izable  m a t e r i a l  would be removed 
a t  t h e  anode, but  would not  be converted t o  t h e  reduced s t a t e  a t  t h e  cathode because 
of t h e  l a r g e r  area and hence lower c u r r e n t  dens i ty .  

The gases were suppl ied t o  t h e  c e l l s  through polyethylene tubes, and ground 
g l a s s  j o i n t  connectors were used throughout. 
e thylene  tubing w i t h  molten polyethylene. 

Glass tubing was sea led  t o  the  poly- 
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The sources  and grades of the m a t e r i a l s  were: 
C.P. grade;  n i t rogen  - Matheson, pre-pur i f ied  grade;  and phosphoric a c i d  - Baker, 
a n a l y t i c a l  reagent  grade. 

hydrocarbons - Matheson, 

RESULTS AND DISCUSSION 

The e lec t rodepos i ted  plat inum blacks w e r e  charac te r ized  by measurements of 
t h e  lead content ,  c r y s t a l  s t r u c t u r e ,  and sur face  a rea .  For the f i r s t  two, t h e  
d e p o s i t s  were prepared on two plat inum f o i l s ,  1 i n  a rea ,  which were mounted 
1 cm. a p a r t  i n  a c e l l  s i m i l a r  t o  t h a t  shown i n  Fig. 1 (b)  except that  i t  did not  
c o n t a i n  a c y l i n d r i c a l  plat inum gauze counterelectrode.  The c u r r e n t  d e n s i t y  
(10 ma./cm2), time of p l a t i n g  (1 hr. , during which t i m e  t h e  e l e c t r o d e s  were 
a l t e r n a t e l y  anodized and cathodized as descr ibed above), temperature (25" C.) ,  and 
concent ra t ion  of c h l o r o p l a t i n i c  ac id  s o l u t i o n  (2.5%) were i d e n t i c a l  w i t h  the condi- 
t i o n s  used i n  preparing e lec t rodepos i ted  platinum blacks on platinum wires  (geometric 
a r e a  of  0.16 f o r  t h e  e lec t rochemica l  measurements. The only d i f f e r e n c e  
between the s e v e r a l  d e p o s i t s  was t h e  amount of lead a c e t a t e  contained i n  t h e  chloro-  
p l a t i n i c  a c i d  so lu t ions .  This was v a r i e d  between 0 and 0.2%. 

I n  the  f i r s t  two columns of Table I a r e  shown t h e  lead a c e t a t e  concentra- 
t i o n s  and t h e  appearances of t h e  depos i t s ,  respec t ive ly .  It w i l l  be seen t h a t  lead 
a c e t a t e  concentrat ions between 0.003 and 0.05% gave black,  powdery depos i t s ,  t h e  
degree of subdivis ion d iminish ing  with increas ing  concentrat ion,  whereas lead 
a c e t a t e  concentrat ions between 0.075 and 0.2% gave grey, compact deposi ts .  
d e p o s i t  prepared i n  t h e  absence of lead  a c e t a t e  was grey and compact and was s i m i l a r  
i n  appearance t o  those obtained w i t h  t h e  higher  lead a c e t a t e  concentrat ions.  
coulombic e f f i c i e n c i e s ,  a s  shown i n  t h e  t h i r d  column of Table I, were c l o s e  t o  40% 
f o r  a l l  of  the  deposi ts .  

The depos i t s  prepared by Bianchi16 using t h e  same lead a c e t a t e  concentra- 
t i o n s  were d i f f e r e n t  from those  descr ibed here  i n  t h a t  they  were black and very 
powdery, t h e  degree of s u b d i v i s i o n  increas ing  with concentrat ion.  Two reasons can 
b e  presented  f o r  t h e  d i f f e r e n c e s ,  namely, t h a t  Bianchi used a lower concent ra t ion  of 
c h l o r o p l a t i n i c  a c i d  s o l u t i o n  (1%) and a much higher  c u r r e n t  d e n s i t y  (625 ma./cm2). 
A lower coulombic e f f i c i e n c y  (253%) w a s  reported.  I n  t h e  present  work, i t  was shown 
t h a t  c u r r e n t  d e n s i t i e s  g r e a t e r  t h a n  10 ma./cm.2 gave rise t o  much gassing and a 
f i n e r  b lack  depoaft  which tended t o  appear i n  t h e  e l e c t r o l y t e  a s  a c o l l o i d a l  so lu-  
t i o n .  Hackerman 
plat inum black  can r e s u l t  from changes i n  concent ra t ion  and cur ren t  dens i ty .  

The 

The 

has a l s o  shown t h a t  v a r i a t i o n s  i n  the  na ture  of e lec t rodepos i ted  

The lead  content  of t h e  d e p o s i t s  was determined by a nondestrujitjive X-ray 

The Pb/Pt atomic r a t i o s  were ca lcu la ted  
I n  Fig. 2 
It w i l l  be 

f luorescence  method using a s tandard  t h i n  f i l m  f l a t  specimen technique. 
c a l i b r a t e d  s e t  of s tandards f o r  t h i s  method was obtained by atomic absorpt ion 
a n a l y s i s  of  chemically s t r i p p e d  depos i t s .  
from t h e  a n a l y t i c a l  d a t a  and a r e  shown i n  t h e  f o u r t h  column i n  Table I. 
i s  shown t h e  p l o t  of Pb/Pt a tomic r a t i o  2. lead a c e t a t e  concentrat ion.  
seen  t h a t  t h i s  r a t i o  increases  almost l i n e a r l y  up t o  a lead a c e t a t e  concent ra t ion  of 
0.08%, whereaf ter  i t  tends  t o  a cons tan t  va lue  a t  higher  concentrat ions.  
d e p o s i t s  prepared from s o l u t i o n s  conta in ing  0.075, 0.1, 0.15, and 0.2% lead a c e t a t e  
have s i m i l a r  Pb/Pt atomic r a t i o s  and, a s  might be expected, have a s i m i l a r  
appearance. 

A 

The 

A l l  t h e  depos i t s  gave Debye S c h e r r e i 6 d i f f r a c t i o n  p a t t e r n s ,  i n d i c a t i n g  t h a t  
they  were c r y s t a l l i n e .  
obtained w i t h  lead  a c e t a t e  concent ra t ions  from 0.08 t o  0.15% gave no l ines which he 
concluded was a r e s u l t  of t h e  d e p o s i t s  being i n  a s t a t e  o f  c o l l o i d a l  d i spers ion .  
apprec iab le  l i n e  broadening, which tends t o  i n c r e a s e  w i t h  lead content ,  is  evident  
i n  t h e  present  r e s u l t s ,  sugges t ing  t h a t  t h e  c r y s t a l l i t e  s i z e s  a r e  smaller i n  t h e  
h igher  lead  containing d e p o s i t s .  A l i n e  s h i f t  was a l s o  observed i n  going from the 
d e p o s i t  conta in ing  no lead  t o  t h e  one having a Pb/Pt r a t i o  of 0.0021 and remained 

I n  c o n t r a s t ,  Bianchi found t h a t  t h e  powdery depos i t s  

An 
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constant  with fur thef6 increases  i n  t h i s  r a t i o ,  i n  c o n t r a s t  t o  t h e  gradual  increase  
observed by Bianchi. It would appear t h a t  t h e  l a t t i c e  cons tan t  of  t h e  lead con- 
t a i n i n g  d e p o s i t s  i s  g r e a t e r  than t h a t  of pure platinum, but  i t  does not increase  
wi th  increas ing  Pb/Pt atomic r a t i o .  
un ident i f ied  l i n e s  which could very w e l l  be explained by % s 

The d i f f r a c t i o n  p a t t e r n s  contained s e v e r a l  
i d  s o l u t i o n  of lead i n  

platinum, i n  agreement with da ta  reported i n  the  l i t e r a t u r e .  ?k 
Two methods were used t o  determine the  a r e a s  of t h e  plat inum black e l e c t r o -  

depos i t s  supported on platinum wires  (geometric a rea  = 0.16 cm.9. 
used f o r  t h i s  purpose were those used  l a t e r  i n  an i n v e s t i g a t i o n  of t h e  e l e c t r o -  
ox ida t ion  of hydrocarbons. 
mined from t h e  chafee required t o  form a monolayer of oxygen atoms i n  a t r i a n g u l a r  
sweep measurement. I n  general ,  the  e l e c t r o d e s  were cleaned by soaking i n  con- 
cent ra ted  n i t r i c  ac id  f o r  15 min., followed by washing wi th  copious amounts of 
d i s t i l l e d  water and f i n a l l y  with t r i p l y  d i s t i l l e d  water. 
i n  n i t rogen  s t i r r e d  5M H904 a t  80" C. contained i n  t h e  c e l l  and were held f o r  1 
min. a t  1 . 4 ~  E. NHE (Normal Hydrogen Electrode)* and then f o r  1 min. a t  Ov 
dn e l e c t r o n i c  p o t e n t i o s t a t .  2o 
s t a t i c a l l y  t o  the  e l e c t r o d e  a t  a sweep r a t e  of 20 mv./sec. 
and dot ted  l i n e s ,  shown i n  Fig. 3, were obtained f o r  depos i t s  having Pb/Pt atomic 
r a t i o s  of 0.0021 and 0.0256, respec t ive ly .  The oxida t ion  peaks a t  1 . 0 8 ~  a r e  the  
r e s u l t  of t h e  formation of a monolayer of oxygen atoms on t h e  e l e c t r o d e  sur face ,* l  
and t h e  reduct ion  peaks a t  0 . 7 6 ~  a r e  t h e  r e s u l t  of t h e  removal of t h i s  monolayer. 
The area under the  peaks was measured by t r a c i n g  them from t h e  photographs of the 
osc i l loscope  t r a c e s  onto vellum having a uniform weight, and then weighing t h e  
appropr ia te  cu t t ings .  The a r e a s  under t h e  oxida t ion  and reduct ion  peaks were almost . 
i d e n t i c a l ,  a s  would be expected. I n  c a l c u l a t i n g  t h e  a reas  of t h e  e l e c t r o d e s ,  it was 
assumed a t  t h e r e  is  one oxygen atom p e r  sur face  platinum atom and t h a t  t h e r e  a r e  
1.6 x 10'' sites per  square centimeter.22 The a r e a s  of t h e  e l e c t r o d e s  (apparent 
a rea  = 0.16 cm.2) a r e  shown i n  t h e  f i f t h  column of Table I. 

The e lec t rodes  

I n  t h e  f i r s t  method, t h e  area of the depos i t s  was d e t e r -  

They w e r e  then immersed 

using 

Typical  curves ,  dashed 
A t r i a n g u l a r  vo l tage  sweep was then appl ied poten t io-  

The second method, attempted t o  determine t h e  a r e a s  of the  e lec t rodes ,  con- 
s i s t e d  of 5p measurement of double layer  c a p a c i t i e s  using a s i n g l e  pulse  
technique. The d i f f e r e n t i a l  capac i ty  was ca lcu la ted  from t h e  r e l a t i o n s h i p  C = 

i/-, where i is  t h e  apparent cur ren t  d e n s i t y  and $ i s  t h e  s lope  of t h e  photo- 

graphed t r a c e  on t h e  osc i l loscope  screen. A s i m i l a r  procedure t o  t h a t  descr ibed 
above was used t o  prepare t h e  e lec t rodes  before  a p p l i c a t i o n  of a cons tan t  cur ren t  
pulse .  The e l e c t r o d e  p o t e n t i a l  a f t e r  t h e  pretreatment  was about 680 mv. I n  order  
t o  check t h e  method and t o  obta in  a s tandard of comparison, measurements were made 
on a b r i g h t  platinum wire  (geometric a rea  =.0.16 cm.2). The average of severa l  
determinat ions was 36 pf/cm.2, and i f  a roughness f a c t o r  of two is  assumed, then t h e  
value of  1 8 2 ~ f / ~ r . 2  obtained i s  i n  e x c e l l e n t  agreement wi th  those  quoted i n  the  
l i t e r a t u r e .  
was l e s s  successfu l  when appl ied t o  t h e  f i n e l y  divided metal. 
because of t h e  l a r g e r  a reas ,  and therefore  l a r g e r  double layer  capaci tances ,  the  
s lopes of t h e  poten t ia l - t ime t r a c e s ,  even f o r  l a r g e  c u r r e n t  d e n s i t i e s  (375 ma./cm.2) 
were very small  and could not be measured very accura te ly .  Furthermore, t h e  t r a c e s  
showed a continuous curvature  even a f t e r  s h o r t  i n t e r v a l s  (El0 p e c . )  from t h e  s t a r t  
of t h e  pulse ,  thus making i t  extremely d i f f i c u l t  t o  determine t h e  r e l e v a n t  slope. 
However, a procedure was developed which was used f o r  a l l  of t h e  depos i t s .  With i t  
the  depos i t  having a Pb/Pt atomic r a t i o  of 0.0021 was found t o  have a double layer  
capaci tance of 854 pf/cm.2, which i s  i n  good agreement wi th  t h e  va lue  reported by 
Tarmy et e.25 a t  t h e  same p o t e n t i a l .  
f o r t u i t o u s ,  a s  t h e  e lec t rodepos i ted  platinum black  used by Tarmy, who did not  give 
any d e t a i l s ,  may have been d i f f e r e n t  from t h e  one used here. 
ca lcu la ted  from t h e  double layer  c a p a c i t i e s  were of t h e  same order  of magnitude a s  
those determined by t h e  t r i a n g u l a r  sweep method, but  t h e  va lues  were s l i g h t l y  lower. 

* A l l  subsequent p o t e n t i a l s  a r e  2. NHE unless  t h e  cont ra ry  i s  s t a t e d .  

dv 
d t  

Although the  method worked very w e l l  wi th  t h e  b r i g h t  metal ,  i t  
For one thing,  

This agreement, however, may be e n t i r e l y  

General ly  t h e  a reas  
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The lack  of agreement between the two methods might be due t o  t h e  d i f f i c u l t i e s  
encountered i n  applying the double layer  capac i ty  method. 

I n  Fig. 4 is  sham t h e  p l o t  of r e a l  a rea ,  a s  determined by t h e  t r i a n g u l a r  
It w i l l  be seen t h a t  the e l e c t r o d e  having a sweep method, 2. Pb/Pt atomic r a t i o .  

Pb/Pt r a t i o  of 0.0021 had t h e  l a r g e s t  area. 
decreases ,  reaching a minimum a t  a n  atomic r a t i o  of  0.021. 
s l i g h t l y  a t  higher  va lues  o f  the atomic r a t i o .  
had an area between those  having atomic r a t i o s  of 0.0021 and 0.021. 

' As t h e  atomic r a t i o  increases  t h e  area 

The e l e c t r o d e  containing no lead 
The a r e a  increased 

The a c t i v i t y  of the s e v e r a l  d e p o s i t s  toward t h e  e lec t ro-oxida t ion  of t h e  
hydrocarbon gases was determined us ing  t h e  t r i a n g u l a r  sweep method. l9 
of 20 mv./sec. was used. The same set  of e l e c t r o d e s  was used f o r  a l l  of t h e  f i v e  
gases--ethane, e thylene,  propane, propylene, and n-butane. However, t h e  following 
procedure was used i n  switching from one gas to another  i n  order  t o  remove adsorbed 
spec ies  on t h e  e l e c t r o d e s  from t h e  previous gas. The e lec t rodes  were held a t  1 . 4 ~  
for  1 min. and then a t  Ov f o r  1 m i n .  us ing a p o t e n t i o s t a t  before  applying t h e  
t r i a n g u l a r  vo l tage  sweep. Typical  curves  f o r  propylene, f u l l  l i n e ,  and dash-dot- 
dashed l i n e  f o r  e l e c t r o d e p o s i t s  having Pb/Pt atomic r a t i o s  of 0.0021 and 0.0256, 
r e s p e c t i v e l y ,  a r e  shown i n  Fig. 3. The oxida t ion  peaks a t  0 . 7 5 ~  a r e  the r e s u l t  of 
the  e lec t ro-oxida t ion  of propylene,and t h e  a r e a s  under these  peaks i n  m i l l i c o u l d s  
a r e  used h e r e  as  a measure of the e l e c t r o d e  a c t i v i t y .  These a r e a s  were measured by 
t h e  method descr ibed previously.  The a r e a s  under the  oxida t ion  and reduct ion  peaks 
a t  1.08 and 0.76v, r e s p e c t i v e l y ,  were a l s o  measured. 

A sweep r a t e  

I n  Fig. 5 i s  shown a p l o t  of hydrocarbon oxida t ion  (area under t h e  oxida- 
t i o n  peaks) v 2  t h e  Pb/Pt atomic r a t i o .  
e thylene  and propylene a r e  e lec t rochemica l ly  oxidized more ex tens ive ly  than ethane, 
propane, and n-butane f o r  a l l  va lues  of  t h e  atomic r a t i o .  
propane, and n-butane a r e  i d e n t i c a l ,  whereas those f o r  e thylene and propylene d i f f e r  
s l i g h t l y .  A l l  the gases show a maximum a t  a n  atomic r a t i o  of 0.0021, t h e  values for  
propylene and e thylene  be ing  more than four  t i m e s  t h a t  f o r  t h e  s a t u r a t e d  hydro- 
carbons. 
being g r e a t e r  f o r  e thylene  and propylene. 
almost a s  a c t i v e  a s  t h a t  having an atomic r a t i o  of 0.0256 i n  t h e  oxida t ion  of 
e thylene,  ethane, propane, and n-butane. Propylene was except ional  i n  that t h e  
e l e c t r o d e p o s i t  having an atomic r a t i o  of 0 w a s  almost a s  a c t i v e  a s  t h e  one having a 
r a t i o  of  0.0021. 

The f i r s t  th ing  t h a t  i s  evident  i s  t h a t  

The curves f o r  ethane, 

A t  h igher  atomic r a t i o s  t h e  degree of ox ida t ion  diminishes, t h e  d e c l i n e '  
The e l e c t r o d e p o s i t  containing no lead was 

Comparing Fig. 4 and 5, i t  is  seen t h a t  t h e  v a r i a t i o n  i n  degree of hydro- 
carbon oxida t ion  wi th  Pb/Pt atomic r a t i o  c l o s e l y  p a r a l l e l s  t h e  v a r i a t i o n  of r e a l  
a rea  wi th  t h i s  r a t i o .  In  Fig. 6 the degree of hydrocarbon oxida t ion  E. r e a l  a rea  
i s  shown. It w i l l  be  seen t h a t  t h e  degree of ox ida t ion  of t h e  unsaturated hydro- 
carbons increases  p r o p o r t i o n a t e l y  w i t h  real  a r e a ,  but t h a t  of t h e  s a t u r a t e d  hydro- 
carbons does not. I n  t h e  l a t t e r  case,  it appears t h a t  t h e r e  is  some o ther  f a c t o r  
l i m i t i n g  t h e  oxida t ion  a s  t h e  a r e a  i s  increased. The data  presented i l l u s t r a t e  t h a t  
a rea  is important i n  t h e  e l e c t r o - o x i d a t i o n  of hydrocarbons and t h a t  it tends t o  mask 
any o ther  important f a c t o r s  such a s  t h e  e f f e c t  of l a t t i c e  parameter. 

An important c o n s i d e r a t i o n  i n  organic e lec t ro-oxida t ion  r e a c t i o n s  is  t h e  
r o l e  of chem'so bed oxygen. 
of 800 mv., "J 17 a s  shown by t h e  dashed and d o t t e d  l i n e s  i n  Fig. 3i The oxidat ion 
peaks of e thane,  propane, and n-butane, which occur a t  0.56, 0.59, and 0.56v, 
r e s p e c t i v e l y ,  do n o t  o v e r l a p  the peak f o r  "0" formation a t  1 . 0 8 ~ ~  but  the peaks f o r  
e thylene  and propylene, which occur  a t  0.71 and 0.77v, respec t ive ly ,  do. It is seen 
i n  Fig. 3 t h a t  the  o x i d a t i o n  peak a t  1 . 0 8 ~  and t h e  reduct ion  peak a t  0 . 7 6 ~  i n  the  
propylene curves a r e ,  r e s p e c t i v e l y ,  g r e a t e r  and smaller than t h e  corresponding peaks 
i n  t h e  n i t r o g e n  curves. 
r a t i o .  
chemisorption takes  p lace  and t h e  l a t t e r  i s  i n h i b i t e d ,  s i n c e  a smaller  oxygen 

On platinum, oxygen chemisorption begins  a t  a p o t e n t i a l  

The e f f e c t  becomes smaller w i t h  increas ing  Pb/Pt atomic 
It appears t h a t  propylene i s  oxidized i n  t h e  p o t e n t i a l  reg ion  where "0" 
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reduct ion  peak i s  observed. 
t h e  e f f e c t  described is  more pronounced. Propane and n-butane a r e  s i m i l a r  i n  t h a t  
t h e  peaks a t  1.08 and 0 . 7 6 ~  a r e  i d e n t i c a l  with t h e  corresponding peaks i n  the  
n i t r o g e n  curves,  suggest ing t h a t  ox ida t ion  of the  hydrocarbons does not  take p lace  
i n  the  oxygen chemisorption reg'on. I n  f a c t ,  t h e  hydrocarbon r e a c t i o n s  appear t o  
be i n h i b i t e d  by s u r f a c e  oxygen.I2 Ethane behaves d i f f e r e n t l y  from t h e  o ther  four  
hydrocarbons i n  t h a t  the peaks a t  1.08 and 0 . 7 6 ~  a r e  both  g r e a t e r  by the same amount 
than  t h e  corresponding peaks observed with ni t rogen.  
due t o  t h e  r e v e r s i b l e  formation of an oxida t ion  product of e thane i n  t h e  oxygen 
chemisorption region. 

Ethylene behaves s i m i l a r l y  t o  propylene, except t h a t  

It i s  suggested t h a t  t h i s  is  

CONCLUSIONS 

1. The lead conten t  of e lec t rodepos i ted  platinum black, prepared from 2.5% 
c h l o r o p l a t i n i c  ac id  a t  a c u r r e n t  d e n s i t y  of 10 ma./cm.2 f o r  1 hr. increases  with 
lead a c e t a t e  concentrat ion.  
a lead a c e t a t e  concent ra t ion  of  0.08%, whereaf ter  i t  tends t o  a cons tan t  value with 

B f u r t h e r  increases  of concentrat ion.  

n The Pb/Pt atomic r a t i o  increases  almost l i n e a r l y  up t o  

2. The r e a l  a r e a  of the platinum black e l e c t r o d e p o s i t s  i s  a maximum a t  an 
atomic r a t i o  of 0.0021. 

3. The degree of hydrocarbon oxida t ion  v a r i e s  wi th  Pb/Pt atomic r a t i o  a s  
does t h e  r e a l  a rea ,  and t h e  e f f e c t  i s  much g r e a t e r  f o r  e thylene and propylene than 
f o r  e thane,  propane, and n-butane. 
of 0.0021 have the  g r e a t e s t  a c t i v i t y .  

\ 
The e l e c t r o d e p o s i t s  having a Pb/Pt atomic r a t i o  \ 

\\ 
4. 'Other f a c t o r s ,  such a s  l a t t i c e  parameter, t h a t  might be important i n  

t h e  e lec t ro-oxida t ion  of t h e  hydrocarbon gases a r e  masked completely by t h e  area 
e f f e c t .  \ 

t 5. Ethylene and propylene cont inue t o  be  oxidized i n  t h e  p o t e n t i a l  region 

The e lec t ro-oxida t ion  of propane and n-butane i s  i n h i b i t e d  by sur face  

I where oxygen is  chemisorbed on platinum. I n  t h e  process  oxygen chemisorption i s  
i n h i b i t e d .  

(1 oxygen. 

\, ACKNOWLEDGMENT 

The author is g r a t e f u l  t o  t h e  fol lowing people of the  General Motors 
Research Laborator ies :  D r .  J. P. Hoare, f o r  many h e l p f u l  comments; M r .  A. C. 

and Miss F. A. F o r s t e r ,  f o r  making t h e  X-ray measurements. 

\, 
\ O t t o l i n i ,  M r .  H. A. Jones, and D r .  J. L. Johnson, f o r  doing the  ana lybica l  work; 
0 

b 

REFERENCES h 

1. W. T. Grubb and L. W. Niedrach, J. Electrochem. SOC., 110, 1086 (1963). 

2. w. T. Grubb and C. J. Michalske, Nature, 201, 287 (1963); J. Electrochem. SOC., 
111 1015 (1964). 
-J 

3. W. T. Grubb, Nature, 201, 699 (1964). 

4. i H. G. Oswin, A. J. Hartner, and F. Malaspina, Nature, 200, 256 .(1963). 

*3 5 .  H. Binder, A. Kohling, H. Krupp, K. Richter ,  and G. Sandstede, Paper presented 
a t  Electrochemical Soc ie ty  Meeting, Toronto, 1964, Abs. No. 11. 

I 
I 
I 
1 corp., (1963), p. 190. 

\ 

I 

6. V. R. J o s c  and V. D. Long, J. Appl. Chem. , 64 (1964). 

7. L. W. Niedrach, J. Electrochem. SOC., loq, 1092 (1962). 

8. M. J. S c h l a t t e r ,  "Fuel Cells," Vol. 2, Ed. G. J. Young, Reinhold Publ ishing 



-200 -  

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 
18. 

R. Thacker and D. D. Bump, Electrochem. Technol., 9 (1965). 

C. E. Thompson, United S t a t e s  Pa ten t  3,116,169, Dec. 31, 1963. 

R. Thacker, Nature, I n  press .  

R. Thacker, Paper presented  a t  Electrochemical  Society Meeting, Washington, 
D. C., 1964, Abst. No. 9. 

E. Muller, 2. Elektrochem., 3 264 (1923); E., 33, 561 (1927). 

H. Dahms and J. O'M. Bockris, J. Electrochem. SOC., 111, 728 (1964). 

M. J. Joncich and N. Hackerman, J. Electrochem. SOC., 111, 1286 (1964). 

G. Bianchi, Annali D i  Chimica, 40, 222 (1950). 

R. Thacker, J. Chem. Ed., I n  press .  

T. P. Schreiber ,  A. C. O t t o l i n i ,  and J. L. Johnson, Appl. Spectros., 2, 1 7  
(1963). 

19. F. G. W i l l  and C. A. Knorr, Z e i t .  f u r  Elektrochemie, 258 (1960). 

20. J. L. Gr i f f in ,  J. P. Hoare, and R. Thacker, To be published. 

21. 

22. A. Hickling, Trans. Far .  SOC., 41, 333 (1945). 

23. J. P. Hoare, Electrochim. Acta, % 599 (1964). 

24. M. C. Banta and N. Hackerman, J. Electrochem. SOC., 111, 114 (1964). 

25. B. L. Tarmy G., ASTIA Report No. AD 432865, Dec. (1963). 

26. 

27. W. Bdld  and M. B r e i t e r ,  Electrochim. Acta, 5, 145 (1961). 

W. Nestorova and A. Frumkin, Zhur. Fiz .  Kim.,  26, 1178 (1952). 

K. J. Vet ter  and D. Berndt, 2. Elektrochem.,62, 378 (1958). 

i 



-201  - 

B 

4 

1 
n 

n 

Lead Acetate 
Concentration 

i n  P l a t i n g  
So lu t ion  

( %) 

0 

0.003 

0.01 

0.05 

0.075 

0.1 

0.15 

0.2 

TABLE I 

PROPERTIES OF PLATINUM BLACK ELECTRODEPOSITS 

Appearance 
of 

Deposits 

Grey, compact 

Black, very powdery 

Black, very powdery 

Black, powdery 

Grey, compact 

Grey, compact 

Grey, compact 

Grey, compact 

Coulombic 
Ef f i c i ency  

(%) 

40.6 

35.9 

37.2 

41.6 

41.6 

39.8 

38.4 

Atomic 
Ra t io  

(Pb /P t  ) 

0 

0.0021 

0.0041 

0.0143 

0.0208 

0.0230 

0.0247 

0.0256 

Real Area 
Per  Geometric 

Area of 
0.16 Cm.2 

(cm.2) 

57.3 

8 5 : 4  

81.4 

41.7 

36.7 * 

47.4 

47.4 
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A - gas I n l e t  
B - gas o u t l e t  
C - sa tu ra t ed  calomel r e fe rence  

D - closed stopcock 

F - working e l ec t rode  
G - platinum gauze counter- 

H - coarse g l a s s  f r i t  
I - 2.5% ch lo rop la t in i c  ac id  

e l ec t rode  

E - 5M HSO, 

e lec t rode  

s o l u t i o n  

la 1 lbl 

.F ig .  1. ( a )  Electrochemical c e l l .  (b) Working e l ec t rode  p repa ra t ion  c e l l  

LEAD ACETATE CONC. (51 

Fig. 2. Pb/Pt atomic r a t i o  of  e lectrodeposi ted platinum black prepared 
from 2.5% c h l o r o p l a t i n i c  ac id  so lu t ions  containing d i f f e r e n t  lead 
a c e t a t e  concentrat ions.  
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0.2 0.4 0.6 0.8 1.0 1.2 1.4 

POTENTIAL vs. NHE (VI 

Fig, 3. P o t e n t i a l  sweep curves on electrodeposi ted platinum black, i n  5M 
H3P04, a t  80" C. Fu l l  l i n e  - propylene, dashed l i n e  - nitrogen, 
Pb/Pt = 0.0021; dash-dot-dashed l i n e  - propylene, dot ted l i n e  - 
nit rogen,  Pb/Pt = 0.0256. 

, 

PUP1 ATOMIC RATIO 

Fig. 4. Real a r e a  of e lectrodeposi ted platinum black prepared from 2.5% 
c h l o r o p l a t i n i c  ac id  so lu t ions  containing d i f f e r e n t '  l ead  a c e t a t e  
concentrat ions.  Variat ion wi th  Pb/Pt atomic r a t i o .  
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I r n  

p e a  - 
P 5 60 - 
z 8 40 

2 
? a  

3 

0 
0.005 1.01 0.015 0.01 0.025 

b/R ATOMIC RATIO 

Fig .  5. Hydrocarbon ox ida t ion  (5M H3P04, 80" C . )  on e l e c t r o -  
deposi ted platinum black prepared from 2.5% chloro-  
p l a t i n i c  a c i d  so lu t ions  containing d i f f e r e n t  lead 
a c e t a t e  concentrat ions.  Variat ion w i t h  Pb/Pt atomic 
r a t i o .  0 ,  ethane;  0, propane; A, n-butane; V, 
ethylene;  e, propylene. 

30 70 90 

R f A L  AREA (CM? 

Fig. 6 .  Hydrocarbon ox ida t ion  ( 5 M  H3PO4, 80' C . )  on electro- 
deposi ted platinum black prepared from 2.5% chloro- 
p l a t i n i c  a c i d  so lu t ions  containing d i f f e r e n t  lead 
a c e t a t e  concentrat ions.  Variat ion with r e a l  a rea .  
0 ,  e thane ;  e, propane; A, n-butane; 0, ethylene;  
e, propylene. 
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